Coronary atherosclerosis is characterized by an early loss of endothelium-dependent vasodilation. However, the methods of assessing coronary endothelial function are invasive and difficult to repeat over time. Recently. a noninvasive ultrasound method has been widely used to measure flow-mediated dilation in the brachial artery as a surrogate test for endothelial function. We seek to further validate this method of measuring vascular function.
Introduction
The loss of endothelium-dependent vasodilation has been shown to occur during early and late phases of coronary atherosclerosis.i-' In patients, this dysfunction has been documented invasively in the cardiac catheterization laboratories by testing the epicardial coronary arteries with endothelium-dependent dilators such as acetylcholine' and substance P,3 or by increasing coronary blood flow either pharmacologically or by pacing.v" However, these methods of assessing coronary endothelial function are invasive. expensive and time-consuming and cannot be performed in patients before the clinical need of coronary angiography.
Preliminary data using invasive and noninvasive techniques have shown that vasomotor dysfunction is a generalized process in patients with early and late atherosclerosis affecting coronary arteries as well as peripheral conduit vessels.s' Thus, endothelial function testing using a noninvasive technique in a peripheral vessel may provide insights into the status of the coronary arteries. The availability of a noninvasive method of testing endothelial function will allow further investigation of vasomotor dysfunction as a risk factor for cardiovascular events in the general population, Experimental and clinical studies have shown that f1owmediated dilation of conduit arteries is an endotheliumdependent function. 4 . 5 • 8 • 9 Noninvasively, this can be achieved by transient external occlusion of the conduit artery.
Subsequently reactive hyperemia will cause a 10-15 fold increase in blood flow and increase the diameter of a normal artery.i''-'! Recently, the availability of high resolution ultrasound systems make possible visualization and measurement of small peripheral conduit vessels such as the human brachial artery. Celermajer et al have pioneered the use of this ultrasound technique to study the flowmediated dilation of the brachial artery in several patient populations. [12] [13] [14] [15] In this study. we investigated whether this technique was sufficiently reproducible to recommend its use in clinical investigation, Specifically, the objectives are:
(1) to ascertain the timing for the peak vasodilator response to reactive hyperemia; (2) To determine the optimal timing for ischemia, i.e., the cuff occlusion time in which maximal vasodilation occurs without undue discomfort; (3) To determine the effect of occlusion on the brachial arterial segment; (4) To determine the reproducibility of the technique; and (5) To determine whether there is any difference in flow-mediated vasodilation between age matched young men and women as an example of clinical study.
Methods

Measurement of brachial artery diameters during reactive hyperemia and after nitroglycerin
Each subject was studied in a 22°C temperature-controlled room in the supine position. The diameter of the brachial artery of the right arm was measured by two-dimensional ultrasound using a 7.5 MHz linear array transducer (Toshiba, Model SSA-270A) with a resolution of 0.0 I mm. Longitudinal images of the brachial artery were obtained near the antecubital fossa and a straight segment, free of side branches, was selected for study. The transducer's position was adjusted so that the ultrasound beam is perpendicular at least to the posterior wall intimal surface, if not to both anterior and posterior walls. Electrocardiogram and blood pressures were monitored and the images were recorded on an S-VHS videotape.
After the baseline images were recorded, a blood pressure cuff placed proximal to the image site was inflated to suprasystolic pressure for 5 min and then released. Brachial artery images were recorded continously during postocclusive reactive hyperemia for 5 min. After a recontrol period of 5 min, images were again recorded to re-establish basal conditions. Thereafter, nitroglycerin (0.4 mg) tablet was administered sublingually and the brachial images were again recorded for 5 min.
The images on the S-VHS videotape were analyzed offline on a MacIntosh computer for analysis using a custom software program (customized NIH-IMAGE Software). When both anterior and posterior intimal surfaces were visible, three consecutive frames taken at the end of the T wave, corresponding to peak systolic expansion, were digitized at baseline, during reactive hyperemia and after nitroglycerin. The anterior and posterior intimal surfaces were traced manually for a distance of at least 10 mm and an automated algorithm searched for the shortest distance between the two lines, creating 15-20 measurements. Brachial artery diameters were estimated by averaging these measurements and reported in mm using calibration factors ( Figure I ). Special care was taken to measure the same portion of the brachial artery in each frame. The diameters in the three consecutive frames were averaged.
Measurement of forearm blood flow
Forearm blood flow through the brachial artery was determined by venous occlusion strain gauge plethysmography, using calibrated mercury-in-silastic strain gauges (DE Hokanson, Inc., Issaquah, WA, USA) and expressed as milliliter per 100 ml of tissue per min. Baseline flow and reactive hyperemic flows after specified duration of cuff occlusion were measured in the right arm as previously described. If, Briefly, the arm was supported above the heart level, venous occlusion was achieved by a blood pressure cuff applied proximally to the elbow and inflated to 30 to 40 mmHg by a rapid cuff inflator. Circulation to the hand was arrested by inflating a wrist cuff to suprasystolic pressure before each forearm blood flow determination. Peak reactive hyperemia was determined as the maximal flow recorded in the first 20 s after cuff deflation and was expressed as percentage increase over baseline.
Validation protocols
Timing for the peak brachial vasodilator response Ten males (age: 32 ± 3 years) and ten females (age: 31 ± 3 years) were recruited as normal volunteers for the study. The subjects were screened by a careful history and physical examination. None of them had a history of hypertension, hyperlipidemia, diabetes mellitus or current cigarette smoking. Written informed consent was obtained from all subjects according to guidelines established by the Committee for the Protection of Human Subjects at the Brigham and Women's Hospital, Boston, MA. The measurement of brachial artery diameters during reactive hyperemia was performed as above. The image of the brachial artery at baseline, 30 s, I, 2, 3, 4 and 5 min after cuff release were digitized into the Macintosh computer and the diameters measured.
Optimal duration of cuff occlusion
The brachial artery diameter response to various cuff occlusion times (graded blood flow increase) was determined. In six patients, the brachial artery was cuff-occluded for 30 s, 2.5, 5 and 10 min. Brachial diameter changes were determined at I and 5 min after each release, followed by Baseline.
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Reactive Hyperemia- Figure 1 Examples of the brachial ultrasound images at baseline, after reactive hyperemia and after sublingual nitroglycerin. Special software was used to measure the brachial diameter from intima to intima.
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Endolhelilllll-dependenl.fIOlI'-lnedil/led dilation olth« brachial artcrv 89 5 min of recontrol. These graded inflations were repeated with determination of blood flow changes after each inflation using plethysmography.
Effect ()j' occlusion on the brachial arterial segment
The reactive hyperemia diameter changes were compared at two sites of cuff occlusion, proximal and distal to the site of imaging. The purpose was to determine if 5 min of ischemia impairs the local arterial response to hyperemia. In six patients, the blood pressure cuff was inflated distal to the brachial artery image site for 5 min first. followed by measurement of the brachial artery diameter changes at I and 5 min during reactive hyperemia. The blood pressure cuff was then inflated in the usual proximal site for 5 min followed by determination of brachial diameters at I and 5 min.
Six volunteers were also studied to evaluate the potential effect of discomfort elicited by 5 min of cuff inflation and the effect of recirculating metabolites released from the ischemic arm after cuff deflation on the brachial diameters. In these subjects, the brachial artery diameters were measured at I and 5 min in the right arm after 5 min of cuff occlusion in the left arm.
Reproducibility
The intraobserver variability of the brachial artery diameters was measured in 10 subjects. After an initial adequate brachial artery image was obtained, the transducer was then removed and repositioned four more times over the same brachial artery segment by the same operator. The intraobserver variability of the brachial artery diameters over time was also determined in five of the subjects 2 weeks later. The brachial artery images were recorded five times again by the same operator. To examine the reproducibility of the hyperemia response over time, five patients underwent repeat cuff occlusion 2 weeks apart. The brachial diameters were measured at baseline, I and 5 minute after cuff release on these two separate occasions.
A total of 315 frames was saved digitally to the computer for these reproducibility studies. To examine the interobserver variability in measuring the same image by different observers, 50% of the images were selected randomly and analyzed by a different observer independently. t-test. To determine the predictive factors of brachial artery response during hyperemia, the relationship between clinical characteristics. baseline diameters and maximal flow response to hyperemia in the normal volunteers were analyzed by linear regression. Multivariate analysis was used to determine the most predictive factor of the hyperemic response. Statistical significance was assumed if the null hypothesis could be rejected at the 0.05 probability level. All data were expressed as the mean value::+::: standard deviation.
Results
Timing for the peak brachial vasodilator response Forearm blood flow increased maximally by 1002 : : +: : : 376(!c immediately after 5 minutes of cuff occlusion. Brachial artery diameter increased maximally by 9.7 : : +: : : 4.3% from baseline at I minute after release (p<O.OOO I) and gradually returned to the baseline level over 5 minutes ( Figure 2 ). After administration of nitroglycerin, brachial artery dilated to a peak level of 19.4 : : +: : : 7.9 % at 3 to 5 min after administration. Mean arterial blood pressure did not change during reactive hyperemia (89 : : +: : : 9 mmHg at baseline and 90 : : +: : : I I mmHg during reactive hyperemia), although it decreased slightly to 85 :±: 9 mmHg (p<0.05) after administration of nitroglycerin. Heart rate remained unchanged from 62 : : +: : : 10 to 64 : : +: : : 9 beats per minute during reactive hyperemia. Figure 3 illustrated the relationship between the normalized percentage increase in blood flow and normalized percentage dilation in brachial diameter. In 80% of the subjects, the brachial arteries had reached its maximal dilation by 5 min of cuff occlusion. 14 
Optimal duration of cuff occlusion
Time Alter Cuff Release
Flow-mediated vasodilation between age-matched young men and women
In the 20 male and female volunteers, the brachial flowmediated responses were compared and correlated with clinical (age, total cholesterol, LDL, HDL, mean blood pressure) and ultrasound/plethysmographic parameters (vessel size, % increase in blood flow).
Statistics
All brachial diameter changes at various time intervals were compared to baseline diameter using ANOYA. The brachial diameters measured during contralateral and distal cuff occlusions were compared to diameters obtained during proximal cuff occlusions using paired t-test. In the reproducibility studies, the standard deviation of the differences between measurements was used to summarize the stability of the measurements within the same observer, between observers and over time. The baseline characteristics between males and females were compared by unpaired and female subjects (Table I) . However, serum HDL-cholesterol levels in females were significantly higher than those in males (56.0 ± 9.2 mg/ml vs 42.9 ± 7.7 mg/ml, p<0.003). Forearm blood flow at peak reactive hyperemia increased to approximately 10 times baseline level in both male and female subjects. Per cent dilation of the brachial artery during reactive hyperemia was greater in females than males (14.1 ± 6.0% vs 5.3 ± 2.3%, p<O.OOI). Of note, baseline brachial artery diameters of males was significantly larger than that of females (3.9 ± 0.4 mm vs 2.7 ± 0.6 mrn, p<0.0004).
By univariate analysis, the per cent dilation of the brachial artery during reactive hyperemia was related to systolic blood pressure (r = -0.49, p<0.05), serum HDL-cholesterol levels (r = 0.53, p<0.02) and baseline brachial artery diameter (r = -0.83, p<O.OOOI, Figure 4 ), but not with age, serum total cholesterol levels, serum LDL-cholesterol levels, or forearm blood flow at peak reactive hyperemia. By multivariate analysis that incorporated gender, systolic blood pressure, serum HDL-cholesterol level and baseline brachial artery diameter, baseline brachial artery diameter 
Reproducibility
The intraobserver variability in measuring brachial artery diameters was as follows: the difference between the brachial artery diameters recorded five times on the same occasion was 0 ± 0.07 mm with a coefficient of variability of 2.9%. The intraobserver variability of the brachial diameters when measured on a separate occasion was 0 ± 0.10 mm with a coefficient of variability of 3.5%. The interobserver variability in measuring brachial artery diameters from digitized frames was 0.05 ± 0.16 mm with a coefficient of variability of 4.5%.
The per cent brachial diameter change during hyperemia was different by 1.0 ± 2.0% determined on two separate occasions with a coefficient of variability of 1.4%.
Flow-mediated vasodilation between age-matched young men and women
The baseline characteristics of the subjects such as age, mean blood pressure, serum cholesterol levels and serum LDL-cholesterol levels were not different between male was the only factor that was predictive of the response of the brachial artery during reactive hyperemia.
Discussion
This study showed that: (I) peak dilation of brachial artery during reactive hyperemia occurred I min after release from ischemia; (2) the brachial artery diameter increased in a graded fashion as the flow increased until flow was approximately 70% of maximal values; (3) no systemic effects on the brachial artery diameter were noted by arterial cuff inflation; (4) diameter of the brachial artery can be measured directly by visualization of the vessel wall with high reproducibility and repeatability; and (5) although an apparent difference in flow-mediated dilation existed between men and women, it was likely attributable to differences in baseline vessel size. Several indirect methods have been used to determine flow-mediated dilation of the brachial artery noninvasively. Previously, investigators have used the dual-crystal pulsed Doppler system'?'!' and studied flow-dependent dilation of brachial artery. This method requires at least 30 s to determine one diameter and is technically challenging to use. Others have calculated the brachial artery diameter by using continuous wave-Doppler flow velocity and venous occlusion plethysmography. 17 However, agreement between calculated diameters and diameters with sonographic determination was quite poor. By using a high resolution ultrasound system similar to our method, Celermajer et al showed that flow-mediated vasodilation of superficial femoral and brachial arteries were impaired in children and adults who had risk factors of atherosclerosis.' 2-'5 Since the publication of these articles, great interest has been expressed on this technique. However, some of the more technical validation of this method is still not available.
This method of direct visualization of the brachial artery allowed us to outline the time course of diameter changes during reactive hyperemia. Diameter was maximal at I min after release from ischemia while peak blood flow occurs instantaneously after the cuff release. This is consistent with experimental data which showed that in the conscious dog the time to peak dilation was 62 ± 3.6 s after coronary artery occlusion." By using graded cuff occlusion of various duration, we determined that 5 min of cuff occlusion achieve 97% of the maximal brachial dilation possible. Longer periods of ischemia achieves higher blood flow but causes significantly more discomfort and does not enhance the vasodilator response of the brachial artery. Previous work showed that 5 min of cuff occlusion provided more vasodilation than I or 3 min.!? but we showed that there is no need to inflate the cuff for more than 5 min since little additional brachial artery dilation can be achieved.
The site of cuff occlusion in the upper extremities to induce reactive hyperemia has been different in various studies, 10-12.17 .20 however, validation of this issue has been lacking. Upper arm occlusion has been our routine method of forearm flow measurement during reactive hyperemia by venous occlusion plethysmography." Therefore, we chose to measure the brachial diameter using the same occlusion site. Although this method might be suited to stimulate the Vascular Medicine 1997; 2: 87-92 maximal vasodilator capacity of resistance vessels, the disadvantage is that ischemia of the brachial artery itself might be induced by this procedure, leading to abnormal endothelial function. However, by performing both proximal and distal arm occlusions, we showed that there was no difference in the vasodilatory response of the brachial artery after a short period of ischemia. Therefore, proximal arm occlusion can be used to evaluate the now-dependent response of the brachial artery.
We were concerned that pain or discomfort induced by cuff int1ation might affect brachial artery diameters, and systemic recirculation of ischemic metabolites into the blood stream may cause brachial artery constriction/dilation during reactive hyperemia. These influences seem unlikely since no changes of brachial diameter were observed both during and after the cuff inflation of the contralateral arm. Thus, the changes of brachial artery diameter during reactive hyperemia arc unlikely to be the result of a systemic reflex or circulating humoral factors.
Since the amplitude of vasodilation was small in a 2-4 mm vessel, the accuracy of diameter measurement must be addressed. The theoretical limit of axial resolution of 7.0 MHz ultrasound in the near field is about 0.1-0.2 mm. 21
In the present study, the mean increase in diameter during reactive hyperemia in the 20 normal subjects was 9.7% of basal diameter, which was almost three times larger than the intraobserver coefficient of variability (3.SlN,). The reproducibility of the brachial diameter dilation during hyperemia is also acceptable at 1.4%. Since the interobserver variability in measuring digitized images is larger (4.5%), it is essential for the same observer to measure the same images throughout a particular study. These observations were similar to previously published results." Percent dilation of the brachial artery during reactive hyperemia in females was larger compared with that of males (14.1 ± 6.0% in females vs 5.3 ± 2.3% in males). These differences in vasomotion were likely due to differences in baseline vessel sizes since females have significantly smaller vessel size (2.74 ± 0.65 mrn vs 3.90 ± 0.40 mm) than males. When these changes were expressed as absolute area changes, there were no significant differences between the two groups. Smaller arteries have to increase a proportionally larger amount in diameter to accommodate the same degree of increase in blood flow if the local shear stress is to be maintained the same. Therefore, when two populations are compared using this technique, baseline diameters have to be matched in order to obtain meaningful results.
The mechanism of the dilation is not studied in these protocols. Mean blood pressure did not change significantly during the reactive hyperemia, therefore it is unlikely that incremental transmural pressure would be an important cause. The graded cuff occlusions showed a relationship between the increase in forearm flow to the increase in brachial artery diameter, thus indirectly showing that the dilation is flow-related. There is considerable evidence that the endothelium is importantly involved in flow-mediated dilation.t" Experimental data indicate that local changes in endothelial shear stress may activate stretch-sensitive ion channels which may be linked to nitric oxide synthesis and release. as well as nitric oxide synthase expression.Pv" Vallance et al showed that infusing N-monomethyl-L-arginine (L-NMMA), a specific inhibitor of the synthesis of endothelium-derived rutnc oxide, into brachial arteries caused a fall in basal blood flow and attenuated the dilator response to infused acetylcholine." We have recently reported that flow-mediated dilation in the brachial artery can be abolished by pre-infusion of L-NMMA, a nitric oxide synthase antagonist, confirming that this dilation is endothel ial-dcpendent. 26 
Conclusions
We have developed and validated a noninvasive technique to evaluate the flow-mediated dilation of the brachial artery. Diameters of the brachial artery could be measured directly by visualization of the vessel walls with high reproducibility and repeatability. We have demonstrated preliminarily that abnormal vasodilator responses can be shown in patients with coronary artery disease. To show the clinical usefulness of this technique, further studies are required by examining larger patient populations, including patients with risk factors and patients with known atherosclerosis. Furthermore, correlation studies between the functional testing of the brachial artery and coronary arteries will determine if this technique can be used in lieu of more invasive procedures.
